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Introduction 


The  objective  of  this  manual  is  to  provide  the  basic 
information  required  to  perform  light  measurements  encountered  in 
the  laboratory  environment.  Typically,  laboratory  measxirements 
are  performed  on  ambient  room  lighting  from  incandescent  or 
fluorescent  bulbs,  computer  or  television  monitors,  or  lighted 
displays.  The  primary  step  in  making  light  measurements  is 
identifying  the  type  of  measurement  required.  The  section  on 
"Identifying  the  measurement  task"  will  list  and  discuss  the 
typical  light  parameters  measured  in  the  lab.  After  defining  the 
measurement  of  interest,  the  appropriate  instrument (s)  must  be 
selected  in  order  to  collect  reliable  data.  The  section  on 
"Selecting  the  light  measurement  instrumentation"  will  describe 
the  most  common  laboratory  light  measurement  instrumentation  and 
their  capabilities  and  limitations.  Basic  procedures  for  medcing 
the  measurements  will  be  presented  in  the  section  "Making  the 
measurement."  The  section  on  "Sources  of  error  in  light 
measurement"  will  discuss  some  common  measurement  errors  and 
provide  recommendations  for  avoiding  them.  Finally,  the  section 
on  "Reporting  the  data"  will  give  guidance  on  selecting  the 
correct  units  of  measure  and  provide  techniques  for  presenting 
the  data.  Appendices  A  and  B  provide  a  list  of  the  light 
measurement  instrumentation  and  light  sources  available  within 
TJSAARL,  with  a  summary  description  of  each.  Host  importantly, 
before  beginning  any  measurement,  safety  must  be  considered  in 
order  to  prevent  personal  injiury  or  equipment  damage. 

This  manual  is  intended  as  an  introduction  to  general  light 
measurement  techniques.  Questions  or  problems  relating  to 
specific  or  unusual  experimental  setups  should  be  directed  to 
Investigators  within  the  Visual  Sciences  Branch  of  the  Sensory 
Research  Division. 

An  excellent  user  oriented  reference  on  lighting  and  light 
measurement  is  the  IBS  Lighting  Handbook,  published  by  the 
Illuminating  Engineering  Society  of  Korth  America. 


Safety  precautions 

Although  the  human  eye  can  only  "see"  energy  in  the  visible 
part  of  the  spectrum,  which  is  typically  defined  to  be  between 
380  and  730  nanometers  (nm) ,  it  is  capable  of  absorbing  light 
energy  over  the  entire  electromagnetic  spectrum  (Figure  1)  from 
ultraviolet  (UV)  to  infrared  (IR) .  Individual  parts  of  the  eye, 
e.g.,  cornea,  lens,  ocular  media,  and  retina  have  different 
absorption  characteristics  which  are  depicted  in  Figure  2 . 

Energy  in  the  visible  and  near-IR  wavelengths  (between  380  nm  and 
1.4  microns)  passes  through  the  cornea,  lens,  and  ocular  media  of 
the  eye  to  the  back  surface  called  the  retina.  On  the  retina, 
this  light  energy  is  converted  into  an  electrical  signal  and 
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Figure  1.  The  electromagnetic  spectrvm. 


transxBitted  to  the  brain.  Du®  to  focusing  of  light  by  the  eye's 
XenS/  very  high  intensity  visible  light,  e.g.,  sun,  arc  lamp, 
etc. ,  may  damage  the  retina,  and  light  in  the  near-infrared 
wavelengtJis  (750  nm  to  1.4  microns)  can  cause  severe  retinal 
burns.  This  can  result  from  gazing  directly  at  high  intensity 
sotirces  without  proper  eye  protection  to  reduce  the  energy  which 
falls  upon  the  retina.  Light  energy  in  the  near-ultraviolet  (OV) 
wavelengths  (300  to  380  nm)  does  not  reach  the  retina  because  it 
is  absorbed  by  the  lens  of  the  eye.  Unprotected  exposiire  to 
energy  in  these  wavelengths  can  result  in  cataracts  or  other 
opacities  in  the  lens.  Energy  in  the  far-UV  wavelengths  (less 
than  300  nm)  and  far- infrared  (IR)  wavelengths  (greater  than  1.4 
microns)  can  cause  damage  by  thermal  processes  that  overheat  the 
tissue  when  absorbed  by  the  cornea.  Therefore,  when  working  with 
high  intensity  light  sources  such  as  lasers,  arc  Isuaps,  high 
wattage  incandescent  lamps,  and  any  device  which  may  reflect  such 
energy  (mirror,  lenses,  etc.),  extreme  caution  should  be 
exercised  and  proper  eye  protection  should  always  be  used. 

In  the  sane  way  that  the  human  eye  contains  a  sensitive  energy 
detector  (retina) ,  so  do  light  measurement  instruments. 

Therefore,  it  is  necessazry  to  protect  instrument  detectors  from 
damage  as  one  would  protect  the  eyes.  Never  exceed  the 
recommended  maximum  power  input  to  the  instrument,  and  use  proper 
filters  to  protect  the  detectors  when  sources  are  high  in 
intensity.  All  measurements  should  begin  with  internal  or 
external  filters  in  the  highest  density  configuration,  then 
gradually  decrease  the  filter  density  until  optimum  sensitivity 
is  attained. 

If  accidently  exposed  to  excess  energy  levels,  some  detectors 
may  be  permanently  damaged.  However,  others  only  may  be 
temporarily  affected.  If  this  occurs,  it  may  "recover"  over  a 
period  of  several  minutes  to  several  days. 

The  operating  manuals  for  light  sources  and  light  measuring 
instmmentation  should  be  consulted  for  specific  safety  concerns. 


Identifying  the  measurement  task 

The  first  step  in  any  light  measurement  is  to  identify  the 
measurement  task.  A  measurement  of  total  energy  over  the  entire 
electromagnetic  spectrum  (UV  to  IR)  can  be  made  of  light  emitted 
or  reflected  from  a  light  source  or  of  light  falling  upon  the 
surface  of  an  object.  In  the  same  respect,  a  measurement  of 
total  energy  over  that  part  of  the  spectrum  detectable  by  the 
human  eye  (visible  energy)  can  be  made.  Each  of  these 
measurements  of  total  energy  are  a  summed  value  over  the 
respective  ranges  of  the  spectrum.  Additionally,  a  measurement 
of  energy  present  at  individual  wavelengths  within  the  spectrum 
can  be  made  for  light  emitted  from  a  source  or  falling  upon  the 
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stirfacft  of  an  objact.  For  i&atarials  such  as  flltars,  which  allow 
light  anargy  to  pass  through,  aaasuranants  of  total  anargy  and 
anargy  prasant  at  individual  wavalangths  can  also  ba  measured. 
Color  is  an  additional  characteristic  of  a  light  source  or  filter 
that  can  ba  quantified  by  a  aaasuraaant.  The  orientation 
(polarisation)  of  light  waves  enittad  by  a  source  can  also  be 
meastirad. 

The  tasks  cited  above  can  ba  categorized  as  radiometric, 
phot<HMitric,  spectroradiometric,  transmittance,  color,  or 
polarization  measurements.  Radiomatrv  involves  the  measure  of 
total  energy  typically  covering  the  wavalangths  from  ultraviolet 
through  infrared.  Photometry  involves  the  measure  of  total 
energy  visible  to  the  human  eye.  Snectr or ad iometrv  is  the 
measurement  of  light  energy  at  individual  wavelengths  within  the 
electroa»gnetic  spectrum.  It  can  be  measured  over  the  entire 
spectrum  or  within  a  specific  band  of  wavelengths.  Transmittance 
of  a  material  is  a  measxire  of  the  light  energy  passing  through 
and  is  expressed  as  a  ratio  of  transmitted  energy  to  incident 
energy.  Hie  color  of  a  light  source  or  filter  is  defined  by  a 
point  in  a  standard  color  coordinate  system  or  by  a  correlated 
color  temperature.  Polarization  is  a  measure  of  the  orientation 
of  light  waves. 

Each  of  these  measurement  tasks  can  be  performed  in  the 
laboratory.  The  following  sections  define  specific  terminology 
associated  with  each  task  and  is  intended  for  assisting  the  user 
in  determining  the  appropriate  measurement  task(8). 

Radiance  and  luminance 

If  the  total  energy  output  of  a  light  source  is  of  Interest, 
then  radiance  or  luminance  measiurements  would  be  made  (Figure  3) . 
Radiance  and  luminance  are  two  closely  related  measures;  radiance 
is  a  measure  of  the  total  energy  output  of  a  source  emitted  over 
the  entire  spectrum,  while  luminance  is  a  measure  of  only  the 
total  energy  output  detectable  by  the  human  eye.  Consider  a 
coneon  light  bulb  which  emits  energy  from  the  ultraviolet  through 
the  visible  and  infrared  wavelengths.  The  radiance  measure  of 
the  light  bulb  would  include  energy  in  the  visible  and  non*’ 
visible  (UV  and  IR)  wavelengths  of  the  emitted  energy.  However, 
the  Itiminance  of  the  light  bulb  would  include  only  energy  in  the 
visible  wavelengths.  One  common  error  made  in  discussing  visible 
energy  is  the  use  of  the  term  "brightness”  to  describe  liiminance. 
Luminance  is  a  quantifiable  measure;  brightness  describes  how 
visible  energy  is  perceived.  The  perception  of  brightness  can 
vary  from  one  observer  to  another. 
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Radiftoce 

ot 

Luminance 


Figure  3.  Relationship  between  radiance,  Ivminance, 
irradiance,  and  illuninance. 


Irradiance  and  illuminance 

When  the  amount  of  light  energy  falling  upon  an  object  is  of 
interest,  then  irradiance  or  illuminance  (Figure  3}  measurements 
should  be  made.  Irradiance  and  illuminance  are  related  in  much 
the  same  way  as  radiance  and  luminance.  Irradiance  is  a  measure 
of  the  total  energy  falling  upon  an  object's  surface;  illuminance 
is  a  measure  of  only  the  visible  energy  falling  upon  the  same 
surface.  Using  the  common  light  bulb  as  mentioned  above, 
consider  the  light  as  it  falls  on  a  surface  such  as  a  desk  top. 
The  irradiance  measure  of  the  light  energy  falling  upon  the 
surface  would  include  the  visible  and  non-visible  (UV  and  IR) 
energy.  The  illuminance  measure  would  include  only  the  visible 
energy  falling  upon  the  surface. 

Spectral  radiance 

The  radiance  or  luminance  of  a  light  source  is  a  single  value 
which  is  the  sum  of  all  energy  measured  over  the  respective 
spectra.  If  the  individual  energy  values  at  particular 
wavelengths  are  of  interest,  then  a  spectral  radiance  measurement 
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would  be  ffiftde.  Spectroradiometry  is  the  measurement  of  the 
energy  of  source  as  distributed  over  the  wavelengths  in  the 
electromagnetic  spectrum.  Figure  4  depicts  the  energy  output  of 
a  common  light  bulb  (tungsten  fileuaent  source)  over  the  spectral 
range  from  390  to  950  nm.  Using  this  plot  of  the  spectral 
radiance  meas\ire,  an  energy  value  at  a  particular  wavelength  can 
be  determined. 


Contrast 

When  two  or  more  adjacent  areas  have  different  Itminance 
values,  the  human  visual  system  will  distinguish  between  them  on 
the  basis  of  their  relative  luminance.  This  relative  luminance  is 
defined  as  the  contrast  between  the  areas.  By  convention,  the 
two  areas  are  labeled  as  target  and  background,  where  the  target 
is  the  smaller  area.  These  labels  are  very  convenient  when  the 
desired  contrast  measurement  involves  alphanumeric  characters  or 
symbols  on  a  chart  or  display. 

Several  methods  of  calculating  the  contrast  value  are  in 
common  use.  The  simplest  method  is  the  contrast  ratio,  which  by 
definition  is  the  ratio  of  the  target  luminance  (L^)  to  the 
background  luminance  (L^) : 

Cr  “  • 

The  contrast  ratio  can  take  on  values  from  l  (when  the  target  and 
background  luminances  are  equal)  to  Infinity  as  the  target 
luminance  increases  with  respect  to  the  background. 

A  second  method  of  expressing  contrast  is: 
c  =  (L,  -  , 

where  the  target  luminance  (L^)  is  assumed  to  be  greater  than  the 
background  luminance  (I^) .  This  method  of  calculating  contrast 
produces  a  value  of  0  when  the  target  and  background  luminances 
are  equal.  As  the  target  luminance  increases  with  respect  to  the 
background,  the  contrast  values  increase  towards  «.  For  targets 
having  luminances  less  than  the  background,  this  formula  for 
calculating  contrast  is  changed  to: 

C  =  (Lj,  -  L»)/L„ 

and  can  take  on  values  of  0  to  l.  These  two  formulae  are  often 
used  when  defining  the  contrast  of  a  real  scene  where  the 
relationship  between  the  background  and  target  is  known.  In 
situations  where  the  background  and  target  cannot  be 
distinguished,  a  third  contrast  expression,  referred  to  as 
modulation  contrast,  should  be  used.  Modulation  contrast  is  most 
often  used  for  periodic  patterns  such  as  gratings. 
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Contrast  modulation  is  defined  as: 


C.  -  -  W/(^.x  +  W* 

which  can  take  on  values  of  0  to  1. 

Transmittance 

It  is  often  desirable  to  measure  the  amount  of  light  energy 
transmitted  through  an  optical  material,  e.g.,  glass,  plastic, 
etc.  The  ratio  of  the  radiant  power  transmitted  through  a 
material  to  the  incident  radiant  power  from  the  source  is  a  value 
called  the  transmittance.  A  measure  of  only  the  visible  energy 
transmitted  is  referred  to  as  luminous  transmittance.  Luminous 
transmittance  can  be  classified  further  as  photopic  or  scotopic 
transmittance.  These  values  refer  to  the  luminous  transmittance 
as  measured  for  the  "day"  and  **night'*  responses  of  the  eye, 
respectively.  Transmittance  of  a  filter  may  also  be  expressed  as 
a  function  of  wavelength,  which  would  be  referred  to  as  spectral 
transmittance. 


Color 

Color  is  a  characteristic  of  light  determined  by  its  spectral 
composition  and  the  properties  of  the  human  eye.  Because  color 
is  perceived  differently  by  each  individual,  a  system  for  color 
standards  was  developed.  There  are  many  standards  by  which  to 
evaluate  color  (also  referred  to  as  chromaticity) .  color 
perception  models  are  based  on  the  theory  that  the  retina  of  the 
eye  consists  of  three  different  color  receptors  (tristimulus 
responses) .  Each  receptor  responds  to  specific  wavelengths 
corresponding  to  blue,  green,  and  red  light  (Figure  5).  Various 
chromaticity  coordinate  systems  plot  the  color  of  a  light  source 
as  a  two-dimensional  point  on  a  chromaticity  diagram.  The  two 
most  widely  used  coordinate  systems  are  the  1931  Commission 
Internationale  I'Eclairage  (Commission  on  Illumination,  CIE)  and 
the  1976  Uniform  Color  Scale  (UCS)  systems  (Figures  6  and  7, 
respectively).  The  1931  CIE  coordinate  system  uses  x,y  and  the 
1976  UCS  coordinate  system  uses  u',v'  as  the  coordinate 
variables.  Equations  exist  for  converting  between  these  and 
other  chromaticity  coordinate  systems. 

Correlated  color  temperature 

The  spectral  distribution  of  tungsten  light  sources  varies  as 
a  function  of  filament  current.  Therefore,  for  reproducibility 
in  experiments  using  tungsten  light  sources,  it  is  standard 
procedure  to  specify  the  source's  spectral  energy  distribution. 
One  method  of  standardization  is  to  specify  the  source's 
correlated  color  temperature. 
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The  correlated  color  temperature  of  a  source  is  determined  by 
comparing  its  spectral  radiance  curve  to  a  set  of  theoretical 
curves  known  as  the  blackbody  spectral  emittance  curves.  All 
objects,  when  heated,  emit  a  continuous  spectrtun  of  radiation. 

The  emitted  spectrvun  is  dependent  on  temperature  of  the  source  as 
well  as  the  composition  of  the  object.  A  blackbody  radiator  is  a 
theoretically  ideal  emitter  of  uniform  temperature  whose  radiant 
emittance  in  all  parts  of  the  spectrum  is  the  maximum  obtainable 
from  any  radiator  at  the  same  temperature.  The  physicist  Max 
Planck  proposed  an  empirical  formula  which  described  all  features 
of  the  blackbody  radiator  as  a  function  of  wavelength  and 
temperature.  When  plotted  for  different  temperatures,  the 
blackbody  curves  appear  as  shown  in  Figure  8. 

If  the  spectral  distribution  of  a  heated  material  can 
approximate  a  blackbody  spectral  emittance  curve,  a  correlated 
color  temperature  for  the  source  can  be  determined.  This 
temperature  will  be  that  of  the  blackbody  curve  which  most 
closely  corresponds  to  the  source  curve.  For  example,  the 
spectral  distribution  curve  of  a  tungsten  source  is  similar  to  a 
blackbody  spectral  emittance  curve  so  that  a  correlated  color 
temperature  can  be  determined  by  matching  curves.  On  the  other 
hand,  light  emitting  diode  (LED)  sources  have  narrow  band 
spectral  emittance  curves  which  cannot  approximate  any  blackbody 
curve  and  therefore  have  no  correlated  color  temperature. 

Sources  such  as  these  are  considered  non-Planckian. 

Polarization 

One  property  of  light  sources  which  is  often  overlooked  is 
polarization.  Light  is  an  electromagnetic  wave  with  associated 
electric  and  magnetic  fields  which  oscillate  as  the  wave 
propagates  through  space.  If  the  electric  field  always 
oscillates  in  some  fixed  direction,  the  wave  is  said  to  be 
linearly  polarized  in  that  direction.  The  associated  magnetic 
field  is  always  perpendicular  to  both  the  electric  field  and  the 
direction  of  wave  propagation.  Therefore,  the  magnetic  field 
also  oscillates  in  a  single  direction.  By  convention,  the 
polarization  of  a  wave  refers  to  the  orientation  of  the  electric 
field  vector.  Unpolarized  light  consists  of  electromagnetic 
waves  that  have  transverse  vibrations  of  equal  magnitude  in  an 
infinite  number  of  directions.  Figure  9  depicts  an  unpolarized 
light  beam  as  it  strikes  a  vertical  polarizer;  only  light 
parallel  to  the  polarization  axis  is  transmitted.  When  the 
resulting  vertically  polarized  beam  then  encounters  a  horizontal 
polarizer,  no  light  energy  is  transmitted. 

Most  common  light  sources  such  as  the  sun,  incandescent  lamps, 
and  fluorescent  lamps  produce  unpolarized  light.  However,  this 
light  can  be  polarized  by  absorption,  scattering,  or  refl action 
and  refraction  of  the  transmitted  waves. 
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Figure  8.  Plankian  blackbody  radiation  curves 


Figure  9.  Illustration  of  polarization. 

Absorption  is  achieved  through  the  use  of  polarizing  filters 
which  absorb  light  waves  propagating  in  all  but  the  direction  of 
polarization,  e.g.,  horizontal  or  vertical.  A  high  percentage  of 
polarization  can  be  obtained  by  this  method,  but  at  a  loss  of 
luminous  transmittance. 

Scattering  of  sunlight  within  the  atmosphere  results  in 
polarization.  On  a  clear  day,  light  in  the  sky  is  partially 
polarized  by  dust  particles  in  the  air.  This  effect  can  be 
demonstrated  through  the  use  of  a  polarizing  analyzer  (a  pair  of 
polarizing  filters) .  As  the  sunlit  sky  is  viewed  through  the 
rotating  end  of  the  analyzer,  the  transmitted  light  intensity 
will  vary  markedly. 

Light  may  be  polarized  when  reflected  from  or  refracted 
through  ordinary  materials  such  as  glass  or  water.  Generally, 
light  is  only  partially  polarized  upon  reflection  and  refraction, 
but  may  be  completely  polarized  if  the  conditions  are  just  right. 
The  degree  of  polarization  depends  upon  the  angle  of  Incidence  of 
the  light  and  the  indices  of  refraction  of  the  media  on  either 
side  of  the  reflecting  or  refracting  surface. 
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Tcuaporal  charact:eristlcs 


Light  sotirces  can  be  described  by  the  temporal  characteristics 
of  their  luminous  output.  Most  sources  have  a  uniform  output 
(luminance)  over  a  time  period.  Other  sotirces  have  outputs  which 
vary  with  time,  but  appear  to  the  eye  as  constant,  e.g.,  cathode 
ray  tube  displays  (CRTs) .  And  some  sources,  such  as  flashing 
lights,  display  visually  apparent  changes  in  luminance  as  a 
function  of  time.  Less  common  sources  exist  which  produce  only  a 
single  pulse  of  light  energy. 

Any  source  which  changes  its  output  periodically  over  time  can 
be  associated  with  a  frequency.  This  frequency  defines  how  many 
times  within  a  certain  time  period  the  light  undergoes  its 
variation  in  luminance.  In  turn,  this  frequency  is  associated 
with  a  time  period  between  each  maximum  (or  minimum)  output 
value.  This  period,  expressed  in  seconds  or  milliseconds,  is 
referred  to  as  the  time  constant  of  the  source. 

All  sources  have  a  time  constant.  Uniform  sources,  which  have 
a  frequency  of  zero,  have  an  infinite  time  constant  value. 

Sources  with  short  time  constants  (as  compared  to  the  human  eye) 
are  seen  as  steady  sovirces,  while  those  with  relatively  long  time 
constants  are  seen  as  flashing  sources.  For  the  short  time 
constant  sources  (e.g.,  CRTs  and  office  fluorescent  Izuaps) ,  the 
eye  responds  only  to  their  average  "brightness."  on  the  other 
hand,  the  output  of  long  time  constant  sources  such  as  strobe 
lights  appears  as  distinct  flashes.  The  time  constant  of  a  light 
source  is  an  important  factor  when  luminance  measurements  are 
being  made. 

Selecting  the  light  measurement  instrumentation 

Having  determined  the  type  of  measurement  desired,  the  next 
step  is  the  selection  of  the  appropriate  measurement  instru¬ 
mentation.  The  simplest  approach  is  to  select  the  instrument 
which  allows  the  most  direct  determination  for  the  desired  type 
of  measurement.  Luminance  measurements  are  most  easily  performed 
with  a  photometer.  However,  the  luminance  of  a  light  source  can 
be  calculated  from  spectroradlometrlc  data.  This  spectral 
distribution  requires  the  use  of  a  spectroradiometer.  color  can 
be  measured  directly  with  a  specialized  color  meter  (chroma 
meter),  or  indirectly  using  a  photometer  (with  color  filters)  or 
a  spectroradiometer.  Illumination  measurements  are  generally 
performed  using  Illumination  meters.  However,  photometers  can  be 
used  to  measure  the  effective  luminance  of  the  illximinated 
surface,  from  which  the  Illumination  can  be  calculated. 

Tables  1  and  2  provide  a  list  of  light  measurement 
instrumentation,  light  sources,  and  accessories  currently 
available  within  USAARL.  Table  1  also  indicates  which  types  of 
measurements  each  instrument  can  be  used  to  perform. 
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Light  neasureaant  instruiaantation  fundamentals 

An  understanding  of  the  basic  instruments  for  performing  light 
measurements  is  essential  in  preventing  mistakes  in  such  tasks. 
Figure  10  shows  a  block  diagram  of  a  generic  light  meastirement 
instrument.  The  basic  functional  blocks  are  collection  optics, 
detector  (including  aperture  and  filters} ,  amplifier,  display, 
and  power  supply. 

In  order  to  gain  a  reliable  measurement  of  a  so\irce,  the  light 
energy  of  interest  must  be  directed  to  the  detector.  The 
collection  optics  of  an  instrument  perform  the  function  of 
focusing  the  light  energy  from  a  source  unto  the  detector. 

The  detector  takes  the  light  energy  provided  by  the  collection 
optics  and  converts  it  into  an  electrical  signal.  Often  the 
detector  is  integrated  with  an  aperture  and  filter  (Figure  11) . 

An  aperture  is  an  opening  which  controls  the  amount  of  light 
energy  which  reaches  the  detector.  Apertures  are  usually 
circular,  but  can  be  horizontal  or  vertical  slits.  The  most 
common  filter  is  the  photopic  filter.  This  filter  is  specially 
designed  such  that  its  spectral  transmittance  when  coupled  with 
the  detector's  spectral  response  simulates  the  response  of  the 
human  eye.  In  such  cases  the  detector/ filter  combination  acts  as 
a  photometer,  measuring  luminance  instead  of  radiance.  Scotopic 
filters,  which  simulate  the  night  response  of  the  eye,  are  also 
frequently  used.  Most  photometers  have  multiple  apertures  and 
filters  located  on  wheels  which  allow  convenient  user  selection. 
Combinations  of  apertures  and  filters  allow  control  over  the 
level  of  energy  entering  the  detector.  1%is  allows  measurement 
of  high  energy  sources  which  could  not  otherwise  be  measured 
directly. 


Figure  10.  Block  diagram  of  light  measurement  instrument. 
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Figure  11.  A  detector  with  an  aperture  and  filter. 


In  apectroradionetry,  the  amount  of  light  energy  as  a  function 
of  wavelength  is  measured.  To  accomplish  this,  the  collected 
light  energy  is  separated  into  individual  wavelengths  (or  bands 
of  wavelengths)  before  being  delivered  to  the  detector  (Figure 
10} .  This  is  performed  by  an  instrument  known  as  a 
monochromater .  The  resulting  output  of  a  monochromater/ detector 
combination  is  a  spectral  distribution  as  depicted  in  Figure  4. 

The  amplifier  in  the  system  increases  the  small  signal  output 
of  the  detector  to  a  level  which  will  drive  the  display 
electronics . 

The  display  of  the  instruments  can  be  as  simple  as  a  meter 
needle  with  appropriate  scale  markings;  or  state-of-the-art  such 
as  a  liquid  crystal  display  (LCD) ,  a  light  emitting  diode  (LED) 
display,  or  a  cathode-ray-tube  monitor.  Spectroradiometric 
systems  typically  are  connected  to  additional  output  devices, 
e.g.,  printers  and  plotters.  With  electronic  displays,  e.g.,  LCD 
and  LEO,  the  units  of  measure  may  be  selected.  For  example,  an 
Illumination  meter  may  display  its  reading  in  lux  or  in 
footcandles.  This  choice  is  usually  accomplished  by  means  of  a 
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switch  located  somewhere  on  the  meter.  The  user  must  be  careful 
in  recording  the  readings  in  the  correct  units. 

The  power  supply's  function  is  to  provide  the  necessary 
electrical  power  to  the  other  sections  of  the  instriunent.  The 
user's  concern  for  this  section  of  the  instrument  is  minimal.  An 
exception  may  be  the  use  of  hand-held  instruments.  The  power 
supply  for  most  hand-held  instruments  is  one  or  more  batteries. 
Such  instrvuaents  may,  or  may  not,  indicate  a  "low  battery" 
condition.  The  user  should  always  view  as  suspect  unusually  low 
or  high  readings  or  readings  which  do  not  change  with  conditions. 

Special  instrument  considerations 

Special  consideration  must  be  given  to  the  time  constant  of  a 
light  source  when  selecting  the  measurement  instrument.  If  the 
time  variation  in  the  source  is  of  interest,  the  time  constant  of 
the  detector  must  be  several  times  smaller  than  the  source's  time 
constant.  If  the  "average"  output  of  the  source  is  of  interest, 
then  the  time  constant  of  the  detector  should  be  several  times 
larger  than  that  of  the  source.  Measurement  of  the  output  of 
sources  with  a  short  time  period,  but  which  appear  constant  to 
the  human  eye,  can  be  measured  with  most  common  instruments. 

These  instruments  have  a  time  constant  on  the  same  order  of 
magnitude  as  that  of  the  eye  (approximately  20  milliseconds)  and 
measure  the  "average"  luminance  of  the  source.  However,  for 
longer  time  constant  sources  (those  appearing  flashing  to  the 
human  eye) ,  instrumentation  with  time  constants  much  smaller  than 
that  of  the  source  is  required.  Some  instruments  have  a  "pulsed 
light"  or  similar  measurement  mode  which  allows  accurate 
measurement  of  pulsed  light  sources.  The  Photo  Research  1980A-PL 
photometer  is  one  such  instrument  which  can  accurately  integrate 
total  light  energy  in  a  single  pulse  or  series  of  pulses  for 
sources  with  a  minimum  pulse-duration  time  of  1.6  to  16 
microseconds . 


Common  and  standard  light  sources 

Many  laboratory  measurements  require  the  use  of  light  sources. 
These  sources  may  be  common  in  nature,  such  as  the  incandescent 
light  bulb,  or  very  specialized,  i.e.,  having  required  spectral 
and/or  energy  content.  A  class  of  sources,  known  as  "standard" 
sources,  are  available  which  provide  known  values  of  luminance  or 
spectral  content.  Table  2  lists  light  sources  and  accessories 
available  within  USAARL. 

Common  sources  of  energy  emission  are  divided  into  two  broad 
categories:  continuous  emission  and  line  emission.  A  continuous 
emission  source  has  some  energy  present  at  all  wavelengths.  A 
tungsten  source  is  an  excellent  example  of  a  continuous  source 
(Figure  4} .  On  the  other  hand,  some  sources  of  light  only  emit 
energy  at  discrete  or  well-defined  wavelengths,  known  as  line  or 
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discrete  enission.  A  sodium  vapor  lamp  is  an  example  of  a  line 
emission  source.  There  are  12  discrete  lines  between  16  and  819 
nm  with  the  two  most  intense  lines  at  589.0  and  589.6  nm  (Figure 
12) .  Some  light  sources  such  as  a  conventional  office 
fluorescent  lamp  have  a  low  level  continuous  spectrum  but  with  a 
considerable  amount  of  energy  at  certain  discrete  wavelengths 
(Figure  13} . 

Another  type  of  source  is  a  light  emitting  diode  (LED) .  The 
energy  emitted  from  an  LED  is  produced  by  electrons  moving  across 
a  junction  of  semiconductor  materials  when  a  voltage  is  applied 
to  the  junction.  LEDs  produce  light  in  a  fairly  narrow  range  of 
wavelengths  (Figure  14} .  Visible  LEDs  are  often  identified  by 
their  color,  e.g.,  red,  green,  yellow,  etc. 
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Figure  12.  Line  emission  spectra  for  sodium  vapor  gas. 
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Figure  13.  spectral  distribution  for  fluorescent  lamp. 
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Figure  14.  Typical  light  emitting  diode  (LED)  spectra  (green) 


Arc  laaps  are  also  a  common  source  used  In  light  measurement 
tasks.  An  arc  lamp  is  an  electric  discharge  lamp  that  produces 
lllxualnatlon  when  voltage  is  applied  across  electrodes  separated 
by  a  very  short  distance.  The  electrodes  are  surrounded  by  a  gas 
mixture  which  produces  a  luminous  plasma  when  an  electric  charge 
Is  applied  to  the  electrodes.  Arc  lamps  produce  the  highest 
luminance  available.  Great  care  should  be  exercised  In 
protecting  the  observer  and  the  Instrumentation  when  arc  lamps 
are  used.  Carbon  arcs  and  high  pressure  mercury  and  xenon  arcs 
approach  the  luminance  of  the  sun  and  in  some  cases  exceed  It. 

Lasers  (an  acronym  for  "light  amplification  by  stimulated 
emission  of  radiation")  are  another  high  intensity  light  source 
that  are  commonly  used  In  light  measurement.  The  energy  output 
of  lasers  Is  confined  within  a  very  narrow  band  of  wavelengths 
and  are  often  considered  to  be  monochromatic  (single  wavelength) 
sources.  The  most  common  laboratory  laser,  frequently  used  for 
optical  alignment,  is  a  Hellvim-Neon  laser  which  emits  at  632.8  nm 
(Figure  15) .  Light  from  lasers  consists  of  nearly  parallel  rays 
and  exhibits  very  little  angular  divergence.  For  this  reason, 
they  are  very  intense  sources  with  a  large  amount  of 
electromagnetic  energy  concentrated  within  a  small  area,  even  out 
to  moderate  distances.  As  with  other  high  intensity  light 
sources,  great  care  should  he  exercised  In  protecting  the 
observer  and  Instrumentation  from  damage. 

A  multitude  of  different  sources,  mostly  incandescent,  can  be 
used  In  the  laboratory,  all  with  varying  spectral  characteristics 
which  can  produce  different  results  in  distinct  circumstances. 

Due  to  these  differences,  a  "standard  source"  was  defined  by  the 
CIS  and  Is  used  to  facilitate  the  specification  of  the  spectral 
composition  of  Illumination,  This  standard,  CIE  Illimlnant  A,  Is 
the  source  that  produces  a  spectral  distribution  emitted  from  a 
Incandescent  tungsten  filament  lamp  at  a  color  temperature  of 
2856*  kelvln  (K) .  Additional  filters  are  used  with  Illuminant  A 
In  order  to  obtain  other  standards  of  Illumination,  the  most 
common  of  which  are  Illuminants  B  and  C.  Illuminant  B  Is  used  to 
simulate  direct  sunlight  and  has  a  color  temperature  of  4870*  K. 
Illuminant  C  is  used  to  simulate  an  overcast  sky  and  has  a  color 
temperature  of  6770*  K. 

Light  sources  can  also  be  classified  by  their  geometry:  point 
or  extended.  Point  sources  are  those  having  physical  dimensions 
several  orders  of  magnitude  smaller  than  the  distance  at  which 
measurements  are  being  performed.  In  such  situations,  these 
physical  dimensions  can  be  Ignored.  In  comparison,  extended 
sources  are  those  having  physical  dimensions  which  are  of  the 
same  order  of  magnitude  as  the  measurement  distance.  The 
geometry  of  a  source  may  preclude  direct  measurement  of  a 
particular  parameter,  in  such  cases,  special  foirmulae  may  be 
required  to  calculate  the  required  data. 
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Figure  15.  Spectral  output  of  Helium-Neon  laser. 


Optical  accessories 


Several  accessories  may  be  utilized  in  performing  light 
measiirements .  Two  such  frequently  encountered  accessories  are 
filters  and  integrating  spheres  (Table  2) . 

Many  experimental  setups  require  modification  of  the  light 
originating  from  a  source,  l^is  modification  may  be  to  the 
radiance  (and  associated  luminance)  of  the  light  source  or  to  the 
spectral  distribution.  Materials  used  to  achieve  these 
modifications  are  referred  to  as  filters.  Filters  are  placed 
between  an  energy  source  of  known  value  and  the  Instrument 
detector.  The  ratio  of  the  radiant  power  transmitted  through  the 
filter  to  the  unfiltered  radiant  power  from  the  source  is  called 
the  transmittance.  Filters  may  be  classified  as  neutral  density 
or  spectrally  selective. 

Neutral  density  filters  are  used  to  attenuate  the  radiance 
(and  associated  luminance)  of  a  source.  They  are  designed  to  be 
spectrally  neutral,  i.e.,  attenuating  all  wavelengths  uniformly 
within  a  spectral  range.  The  experimenter  must  be  careful  about 
assuming  the  spectral  rangva  over  which  a  neutral  density  filter 
is  actually  useful.  For  example,  the  spectral  transmittance 
curves  in  Figure  16  depict  3.0  and  2.0  ND  glass  filters  which 
attenuate  uniformly  only  between  480  and  700  nm.  Filters 
composed  of  different  media  can  have  slightly  different 
transmittance  characteristics.  Neutral  density  filters  are 
generally  characterized  by  their  logarithmic  attenuation  factor. 

A  neutral  density  filter  labeled  as  ND-1  attenuates  the  source 
luminance  by  a  factor  of  O.l  (10*’),  and  a  filter  of  ND-2.0 
attenuates  the  source  luminance  by  a  factor  of  o.oi  (10*^). 

The  spectrally  selective  filters  can  be  categorized  as  cut-off 
filters  or  bandpass  filters.  Cut-off  filters  can  be  further 
divided  into  low-pass  or  high-pass,  depending  upon  whether  they 
allow  transmission  of  energy  at  wavelengths  below  or  above  the 
cut-off  wavelength,  respectively.  Figure  17  shows  a  high-pass 
filter  having  a  cut-on  wavelength  of  approximately  475  nm.  Note 
that  the  transition  from  blocking  to  transmission  does  not  occur 
instantaneously.  The  cut-off  wavelength  is  most  often  defined  as 
the  50  percent  point. 

Bandpass  filters  allow  transmission  of  energy  to  pass  through 
a  certain  band  of  wavelengths.  Above  and  below  this  band,  energy 
is  attenuated  to  a  much  lower  level,  in  effect  obstructing  the 
"passing"  of  this  energy.  Figure  10  displays  the  spectral 
characteristics  of  a  bandpass  filter  which  permits  energy  at  a 
475  to  675  nm  band  to  pass  (or  be  transmitted) , 
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Transmittance  £*  Transmittance 
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ure  17.  Transmittance  curve  for  hlghpass  filter  having 
a  cut-on  vavelengtb  of  approximately  475  nm. 


Figure  18.  TransmittMce  curve  for  a  200  nm  bandpass  filter 
which  transmits  energy  from  475  to  675  nm. 
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Integrating  spheres  are  nearly  perfect  diffusers  used  for 
measuring  sources  or  object  reflectance  and  transmittance.  They 
are  hollow  spheres  coated  internally  with  a  white  diffusing 
material  and  have  openings  for  the  soiuroe  input  ( input  port) , 
filter  materials,  and  the  detector  (output  port) . 

The  input  light  is  distributed  inside  the  sphere  (Figure  19), 
uniformly  illuminating  the  output  port.  Every  point  on  the  inner 
surface  reflects  to  every  other  point  in  the  sphere,  and  the 
illuminance  at  any  point  is  made  up  of  two  components:  light 
energy  coming  directly  from  the  source,  and  that  reflected  from 
other  parts  of  the  sphere  wall.  Therefore,  the  illiminance  (and 
associated  luminance)  of  any  part  of  the  wall,  due  to  reflected 
light  only,  is  proportional  to  the  total  energy  from  the  source 
regardless  of  its  intensity  distribution.  The  diffusing  effect 
of  the  sphere  guarantees  that  the  output  is  insensitive  to 
spatial,  angular,  and  polarization  characteristics  of  the  input 
source,  while  maintaining  its  chromatic  characteristics. 


port 

datedor 


Figure  19.  Integrating  sphere  depicting  source,  filter,  ports, 
and  detector. 
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Following  a  well  defined  procedure  in  making  light 
measurements  usually  will  produce  more  accurate  results.  These 
procedural  steps  consist  of:  instrument  zeroing  and  calibration, 
optical  alignment,  focusing,  selecting  appropriate  aperture  and 
filter,  and  selecting  optimum  instrument  signal  range. 

Zeroing  and  calibration 

To  obtain  an  absolute  measurement  of  any  physical  quantity, 
the  measurement  instrument  must  be  zeroed  and  calibrated. 

Zeroing  the  instrument  ensures  that  the  output  of  the  detector  is 
zero  when  there  is  no  input.  This  is  accomplished  by  blocking 
all  input  energy  to  the  detector  and  adjusting  the  display 
reading  to  a  zero  value.  Most  instruments  have  a  shutter  which 
can  be  closed  to  perform  this  operation. 

Calibration  is  achieved  by  inputting  a  known  amount  of  energy 
and  adjusting  the  detector's  output  until  the  display  reading 
agrees  with  the  known  value.  Special  energy  sources,  referred  to 
as  "standard  lamps,"  are  available  for  this  task.  They  are 
manufactured  to  provide  exact  values  of  luminance,  radiance,  etc. 
If  possible,  the  instrument  should  be  calibrated  against  a  source 
which  has  an  output  value  of  the  8^uae  order  of  magnitude  as  the 
source  to  be  measured.  In  all  cases,  operating  manuals  should  be 
consulted  for  special  calibration  procedures. 

Zeroing  the  instrument  and  calibrating  against  a  known  value 
(other  than  zero)  establishes  two  points  on  the  output  curve  of 
the  detector.  If  the  detector  is  linear  (which  we  will  assume) , 
then  any  additional  readings  are  assumed  to  be  proportional  to 
the  input  energy. 


Optical  alignment 

Another  important  aspect  to  consider  in  the  setup  for  light 
measurement  is  the  alignment  of  a  source  and  intervening  optics 
with  respect  to  the  detector.  A  line  called  the  optical  axis  is 
defined  as  one  that  is  perpendicular  to  the  face  of  the  detector, 
through  the  center  (see  Figure  20) .  Any  optics  and  light  source 
should  be  placed  in  alignment  with  the  optical  axis  since  this  is 
the  most  direct  path  for  light  energy  to  reach  the  detector  (see 
"Sources  of  error  in  light  measurements") . 

Focusing 

In  situations  where  lenses  are  used  (e.g.,  collection  optics), 
an  image  of  the  source  is  formed.  The  focusing  of  this  image 
onto  the  detector  provides  the  maximum  reading.  Focusing  is 
achieved  using  a  focus  adjustment  located  on  or  adjacent  to  the 
collecting  optics. 
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Fi9ur«  20.  Optical  axis  of  an  axparinental  setup. 

Aperture  and  filter  selection 

Most  instruments  allow  for  user  control  of  the  amount  of 
energy  entering  the  detector.  This  control  is  achieved  through 
integrated  apertures  and  filters.  Apertures  regulate  the  amount 
of  light  entering  a  detector.  Filters  offer  a  more  selective 
method  of  regulating  light  energy  entering  the  detector  by 
absorbing  energy  at  certain  wavelengths  and  transmitting  energy 
at  others.  Often,  a  selection  of  internal  apertures  and  filters 
are  provided  on  a  given  instrument. 

The  amoiuit  of  energy  allowed  to  pass  through  an  aperture  is 
directly  proportional  to  the  size  of  the  aperture,  i.e.,  a  larger 
aperture  will  allow  a  greater  amount  of  energy  to  pass  through. 
When  an  apertxire  is  integrated  into  the  collection  optics,  it 
also  defines  the  area  of  the  (extended)  source  from  which  energy 
is  measured.  This  area  is  expressed  as  the  angle  it  subtends  at 
the  detector.  Therefore,  instrument  apertures  are  often  marked 
in  angular  measure,  e.g.,  l~degree,  20»minutes,  etc.  When 
characterizing  a  source,  care  must  be  taken  to  ensure  that  the 
selected  aperture  (subtended  angle)  is  filled  by  the  source  (see 
"Sources  of  error  in  light  measurement"). 
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The  selection  of  aperture  size  must  take  into  account  the 
aaxiaun  capacity  of  the  detector.  The  selection  of  an  aperture 
that  is  too  large  for  a  given  high  energy  source  will  cause 
saturation  of  the  detector.  I^is  will  be  indicated  by  an 
overranging  of  the  display.  A  general  rule  of  thmnb  for 
selecting  the  internal  aperture  size  is  to  start  with  the 
SBiallest  aperture  available  and  gradually  increase  size  to  the 
largest  aperture  possible  without  overranging. 

With  instruments  that  include  integrated  filters,  the  filters 
are  used  to  modify  the  response  of  the  detector.  The  two  most 
common  filters  are  the  photopic  and  scotopic  filters.  These  are 
designed  to  modify  the  detector's  response  to  simulate  the  human 
eye's  day  and  night  response,  respectively.  These  filters  are 
usually  mo\inted  in  a  filter  wheel  which  allows  selection  among 
them  and  other  specialized  filters.  A  wheel  with  an  ’'open” 
position  allows  radiance  measurements. 

signal  range  selection 

The  range  of  an  instrument  is  defined  by  the  lowest  and 
highest  values  which  can  be  measured  (and  displayed) .  The  lowest 
displayed  value  is  usually  zero.  On  many  instruments,  only  one 
range  is  provided,  and  the  highest  value  defines  the  overrange 
condition.  However,  some  instruments  allow  a  selection  of 
choices  for  the  maximum  value.  These  range  choices  usually 
increase  by  decade  units,  e.g.,  0  -  0.999,  0  -  9.99,  0  -  99.9  fL. 
Instruments  with  multiple  ranges  usually  provide  autorange 
capability  where  range  selection  is  left  to  the  instrument.  The 
advantage  of  one  range  over  another  lies  in  the  degree  of 
precision.  If,  as  in  the  example  above,  a  measured  value  is 
approximately  0.5  fL,  the  most  precise  reading  is  obtained  using 
the  0  -  0.999  range.  Caution  must  be  used  to  ensure  that  display 
readings  are  not  incorrectly  associated  with  instrument 
sensitivity  (the  smallest  level  of  input  energy  measurable) .  A 
"O"  display  reading  cannot  be  accepted  literally  .  For  a  display 
range  selection  of  0  -  99,9  fL,  a  ”0”  display  reading  can 
represent  a  signal  value  from  the  lowest  detectable  level  up  to 
approximately  0.05  fL.  In  other  words,  "0"  is  not  actually  "0”. 


Sources  of  error  in  light  measurement 

Light  measurement  tasks  are  subject  to  errors  which  can 
distort  data  and  cause  inaccurate  conclusions.  Most  of  these 
errors  can  be  classified  into  the  following  areas:  calibration, 
source-detector  geometry,  stray  light,  polarization,  spectral 
considerations,  and  instrument  accuracy  (Application  Note, 
"Reduction  of  errors,"  Oriel  Corp. ,  Stratford,  CT) . 
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Calibration 


Calibration  is  critical  when  making  absolute  measurements. 

The  calibration  of  the  instrtiment  relates  the  output  of  the 
instrument  to  a  known  value.  Using  an  uncalibrated  or  improperly 
calibrated  instrument  will  not  affect  relative  measurements,  such 
as  luminous  transmittance,  but  will  result  in  incorrect  absolute 
values . 


Source-detector  geometry 

One  goal  of  good  aea8\irement  technique  is  to  ensure  that  the 
light  energy  to  be  measured  is  independent  of  any  changes  in 
orientation.  All  experimental  setups  have  an  optical  axis 
(Figure  20) .  Proper  alignment  of  source,  detector,  and  inter¬ 
vening  elements  along  this  axis  will  provide  accurate  measure¬ 
ments.  Alignment  can  be  verified  by  making  small  movements  of 
each  component  and  noting  the  effect  on  the  measured  value. 
Optimum  alignment  is  achieved  when  the  measured  energy  attains  a 
peak  value. 

Another  aspect  of  source-detector  geometry  which  can  produce 
serious  errors  is  inadequate  filling  of  the  detector  aperture 
with  the  source  light.  Many  measurements  are  based  on 
calculations  involving  the  total  energy  collected  and  the  area  of 
the  detector.  If  the  aperture  is  not  completely  filled,  then  the 
resulting  measurement  will  be  inaccurately  low. 

Stray  light 

As  a  basic  rule  of  thuiab,  prior  to  performing  measurements,  a 
"light  audit"  of  the  laboratory  should  be  performed  to  assess  the 
presence  of  stray  light.  Stray  light  is  unwanted  light  energy 
from  the  test  source  or  the  surrounding  area  which  enters  the 
detector.  This  extra  energy  produces  an  artificially  high 
measurement  value.  Stray  light  may  originate  directly  from  the 
source  (e.g.,  reflections  from  sample  holders,  walls,  tables, 
light  colored  clothing,  etc.)  or  from  ambient  sources  (e.g., 
overhead  lights,  light  leaks  around  doors  or  windows,  indicator 
lights  on  Instrumentation,  etc.).  Some  suggested  procedures  for 
minimizing  stray  light  include:  check  for  reflections  of  test 
source,  select  optimal  external  aperture  size,  baffle  along 
optical  axis,  perform  measurements  in  darkest  environment 
possible,  keep  all  personnel  away  from  measurement  area,  and 
cover  all  indicator  lights  on  instrumentation. 

Polarization 

Polarization  errors  can  result  when:  a)  comparative  measure¬ 
ments  are  made  between  sources  which  differ  in  polarization 
characteristics,  e.g.,  a  polarized  vs.  an  unpolarized  source  or  a 
vertically  polarized  vs.  a  horizontally  polarized  source;  b)  the 
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polarization  characteristics  of  the  source  and  detector  do  not 
Batch;  and  c)  changes  occur  in  the  source's  polarization 
characteristics  along  the  optical  path,  especially  when  mirrors 
and  beamsplitters  are  present. 

Time  constant  considerations 

iHhen  measuring  light  sources  which  are  uniform  over  time,  the 
time  constant  of  the  measurement  instrument  is  not  important. 
However,  measurement  error  for  time  varying  sources  can  occur 
when  the  time  constants  of  the  source  and  detector  are  not 
properly  matched.  When  the  measurement  task  is  to  define  the 
actual  luminance  profile,  the  time  constant  of  the  detector  must 
be  several  times  smaller  than  that  of  the  source.  Failure  to 
select  an  instrument  which  meets  this  requirement  will  result  in 
an  integrated  output,  rather  than  a  true  output  profile. 
Conversely,  when  the  average  output  of  a  time  varying  source  is 
desired,  too  small  a  detector  time  constant  will  not  produce  a 
constant  measurement  value. 

Spectral  considerations 

Measurements  of  narrow  spectral  characteristics  may  give 
inaccurate  readings  due  to  unwanted  energy  outside  of  the 
spectral  band  of  interest,  stray  light  ** leaking"  through  the 
monochromater  (narrow  band  filter)  can  produce  an  incorrect  high 
reading.  This  error  is  more  significant  when  the  source  is 
relatively  weak. 


Instrument  accuracy 

While  not  an  error  in  the  sense  of  the  items  above,  the 
accuracy  of  a  reading  can  be  affected  by  the  accuracy  of  the 
light  measuring  instrument.  Due  to  the  required  matching  of  a 
detector  with  a  photopic  or  scotopic  filter  to  perform  luminance 
or  illuminance  measurements,  the  accuracy  of  the  reading  is  a 
function  of  how  well  the  detector/ filter  combination's  response 
matches  that  of  the  human  eye.  Additional  factors  affecting 
instrument  accuracy  Include  temperature  and  humidity.  As  a  rule 
of  thumb,  photometric  measurements  can  expect  to  have  an  error  of 
2-5  percent. 


RgpQcting  thg  data 

The  most  common  formats  for  reporting  light  measurement  data 
are  graphical  curves  for  spectral  data  (radiance  or  trans¬ 
mittance)  and  tables  for  radiometric  and  photometric  values. 
Spectral  data  are  usually  presented  graphically  such  as  the 
spectral  radiance  curve  in  Figure  4.  Radiance  values  are  plotted 
along  the  y~axis  as  a  function  of  spectral  wavelength  (x-axis) . 
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There  is  a  large  selection  of  units  from  which  one  may  choose 
for  reporting  radiometric  and  photometric  measurements.  Table  3 
provides  a  list  of  the  most  commonly  used  units  for  radiance, 
Irradiance,  luminance,  and  illuminance.  The  choice  of  units  for 
a  given  physical  quantity  is  usually  a  matter  of  the  preferred 
measurement  system*  While  the  currently  agreed  upon  units  of 
measure  are  those  of  the  International  System  of  Weights  and 
Measures  (SI) ,  units  of  the  English  system  of  measure  are  often 
encountered.  Table  4  provides  conversion  factors  for  common 
luminance  and  illuminance  units.  From  the  table,  it  can  be  seen 
that  1  nt  is  equivalent  to  0.2919  fl>  and  0.0929  cd-ft'^.  To 
convert  a  value  expressed  in  "nt**  into  "fL",  multiply  the  value 
in  "nt"  by  0.2919.  For  example:  A  value  of  1.2  nt  is  equivalent 
to  (1.2  X  0.2919)  or  0.35  fL. 

Color  (chromaticity)  is  expressed  in  either  1931  CIE  (x,  y)  or 
1976  tJCS  (u',  v')  coordinates.  These  are  usually  presented  in 
graphical  form  (Figures  6  and  7,  respectively). 

When  reporting  contrast  measurements,  it  is  important  to 
document  the  method,  i.e.,  definitions  and  formulas,  used  in  the 
calculation  of  the  contrast  values. 
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Tables. 

Comnxm  photometric  units. 
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watt  per  ataradtan  par  square  malsr 

War -’in-* 

InacBanos 

watt  par  square  malsr 

Wm-* 
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nit 

nt 

fboSainbart 

IL 

oandala  par  square  Inot 

cdff* 

UutninsnM 

lux 

lx 

footcandla 

fe 

*  the  ui«  "ntt*  can  aho  be  expressed  M  in'*  * 


Tabled. 

Converskm  factors  for  photometric  units. 


Lumirtance 

Illuminanoe 

nt 

ft 

wEsm 

lx 

to 

nt 

«■ 

1 

0.2918 

0.0029 

- 

- 

1 

fL 

- 

3.426 

1 

0.3183 

- 

- 

cdft"* 

. 

laTSS 

3.1416 

1 

- 

1 

ix 

m 

- 

- 

- 

1 

0.0929 

1 

S 

1 

fc 

m 

- 

- 

10.764 

1 

glQggary 


ttbsoxptloa  -  partial  loss  of  incident  energy  in  an  optical  medium 
due  to  conversion  of  energy  into  other  forms. 

MlVXfi  radiaaoe  •>  the  measure  of  total  energy  output  of  a  source 
as  detected  through  third  generation  image  intensification  night 
vision  imaging  systems. 

aperture  -  the  opening  through  which  light  energy  passes  through 
to  the  detector.  The  amount  of  light  received  by  the  detector 
may  be  regulated  through  the  changing  of  aperture  size.  Internal 
apertures  are  integrated  into  an  instrument,  and  external 
apertures  are  placed  between  a  source  and  the  detector  of  an 
instrument. 

are  lamp  -  an  electric  discharge  lamp  that  produces  light  when 
voltage  is  applied  across  electrodes  separated  by  a  very  short 
distance.  The  electrodes  are  surrounded  by  a  gas  mlxcure  which 
produces  a  Ixminous  plasma  when  an  electric  charge  is  applied  to 
the  electrodes.  Arc  lamps  produce  very  high  luminance  values. 

bandpass  filter  -  a  filter  that  allows  energy  within  a  certain 
band  of  wavelengths  to  only  pass.  Above  and  below  this  band, 
energy  is  attenuated  to  a  very  low  level,  in  effect  obstructing 
the  ’’passing"  of  this  energy. 

besmsplltter  -  An  optical  element  which  divides  a  light  beam  into 
two  parts. 

blaokbody  radiator  -  a  temperature  radiator  of  uniform 
temperature  whose  radiant  emit;wance  in  all  parts  of  the  spectrum 
is  the  maximum  obtainable  from  any  temperature  radiator  at  the 
same  temperature.  Such  a  radiator  is  called  a  blackbody  because 
it  will  absorb  all  the  radiant  energy  that  falls  upon  it. 

ohromatioity  -  the  classification  of  color. 

oollsotion  optics  *■  any  lens,  mirror,  or  combination  that  is  used 
to  gather  or  focus  light  energy. 

colorimetry  •  methods  employed  to  measure  color  and  to  interpret 
the  results  of  the  measurements. 

oorrelated  color  temperature  (CCT)  ~  the  temperature  of  the 
blackbody  curve  which  is  best  approximated  by  a  source's  spectral 
energy  distribution.  For  tungsten  filament  sources,  this  varies 
as  a  function  of  filament  current. 
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out-off  filtot  “  filter  that  allows  transnission  of  energy  at 
wavelengths  below  a  specified  wavelength.  This  particular 
wavelength  is  referred  to  as  the  cut-off  wavelength. 

ottt-oa  filter  -  filter  that  allows  transmission  of  energy  at 
wavelengths  above  a  specified  wavelength.  This  particular 
wavelength  is  referred  to  as  the  cut-on  wavelength, 

deteotor  -  a  device  that  converts  light  energy  into  another  form 
of  energy,  usually  an  electrical  current. 

eleotronagaetio  speotrum  -  the  total  range  of  wavelengths 
extending  from  the  shortest  (zero)  to  the  longest  (infinity) 
wavelength  that  can  be  generated  physically. 

emitted  speetra  (line,  continuous)  -  the  spectrum  formed  by 
energy  emitted  from  a  source.  Emitted  spectra  are  divided  into 
two  broad  categories:  continuous  emission  and  line  emission.  A 
continuous  emission  source  has  some  energy  present  at  all 
wavelengths.  Line  or  discrete  emission  sources  have  energy 
emitted  only  at  discrete  or  well  defined  wavelengths. 

filter  -  a  material  placed  between  a  light  energy  source  and  a 
detector  that  attenuates  the  total  amount  of  energy  being 
transmitted;  this  attenuation  can  be  uniform  across  all 
wavelengths  as  in  neutral  density  filters  or  can  be  spectrally 
selective. 

footlembert  -  a  unit  of  Iximinance  in  the  English  system  of 
measure  equal  to  l/tr  candela  per  square  foot. 

illuminenoe  -  the  measure  of  visible  energy  falling  upon  a 
surface. 

Xlluminent  A,  B,  end  c  -  illvuainant  A  is  the  standard  for  a 
source  that  produces  a  spectral  distribution  which  approximates 
an  incandescent  tungsten  filament  lamp  at  a  color  temperature  of 
2854*  Kelvin  (K) .  illuminant  B  is  used  to  simulate  direct 
sunlight  and  has  a  color  temperature  of  4870*  K.  Illuminant  C  is 
used  to  simulate  an  overcast  sKy  and  has  a  color  temperature  of 
6770*  K. 

image  intensification  -  an  electro-optical  device  which  converts 
collected  photons  into  electrons  which  are  then  "intensified”  by 
photomultiplication.  After  Intensification,  the  electrons  are 
converted  back  into  photons  (light  image)  at  a  phosphor  screen. 

incandescent  lamp  -  a  lamp  that  emits  light  when  an  electrical 
current  passes  through  a  resistant  metallic  wire  positioned  in  a 
vacuum  tube. 
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iadttc  of  rofraotion  -  the  ratio  of  the  velocity  of  light  in  air 
to  the  velocity  of  light  in  a  refractive  material  for  a  given 
wavelength;  a  measure  of  the  bending  properties  of  an  optical 
material. 

infrared  spectrum  -  energy  that  lies  between  the  wavelengths  of 
750  nm  to  1.4  microns;  heat  producing  energy  which  is  invisible 
but  can  be  damaging  to  the  retina  of  the  human  eye. 

irradianoe  the  measure  of  total  energy  falling  upon  an  object's 
surface;  this  measurement  includes  visible  and  nonvisible  (UV  and 
IR)  energy. 

laser  »  acronym  for  "Light  Amplification  by  stimulated  Emission 
of  Radiation."  A  narrow  band  of  wavelengths,  often  considered  to 
be  a  monochromatic  (single  wavelength)  source,  which  consists  of 
nearly  parallel  rays  and  exhibits  very  little  angular  divergence. 
When  coupled  with  the  focusing  capability  of  the  human  eye, 
lasers  become  an  extreme  optical  hazard. 

light  emitting  diode  (LED)  -  emits  light  energy  which  is  produced 
by  electrons  moving  across  a  junction  of  semiconductor  materials 
when  a  voltage  is  applied  to  the  junction. 

linearly  polarised  >  when  the  electric  field  (light  energy) 
oscillates  in  some  fixed  direction,  the  wave  is  said  to  be 
linearly  polarized  in  that  direction. 

lumiaanoe  -  a  measure  of  energy  output  (weighted  by  the  human 
eye's  response)  leaving  or  arriving  at  a  surface  in  a  given 
direction. 

luminous  transmittance  >  the  ratio  of  the  luminance  of  a  known 
source  as  measured  through  a  filter  material,  to  the  luminance  of 
the  source  itself. 

menoohromater  •  an  instrument  which  isolates  narrow  bands  of  the 
spectrum  allowing  the  measurement  of  energy  within  the  band  (in 
practice,  the  band  is  very  narrow  and  often  referenced  by  its 
center  wavelength) . 

neutral  density  filter  -  a  filter  which  attenuates  the  radiance 
(and  associated  luminance)  of  a  source.  They  are  designed  to  be 
spectrally  neutral,  i.e.,  attenuating  all  spectral  wavelengths 
uniformly. 

objective  lenses  -  the  optical  elements  that  collect  light  energy 
from  a  source  and  form  the  first  image  to  be  measured. 
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pliotoai«t«r  -  an  instrument  for  measuring  photometric  parameters 
such  as  luminance  and  illuminance  (indirectly) .  The  response  of 
a  photometer's  detector  is  tailored  to  approximate  that  of  the 
human  eye. 

photometry  -  the  measurement  of  light  energy  as  perceived  by  the 
human  eye  (visible  light) . 

photomultiplier  tube  (PMT)  -  a  tube  consisting  of  a  photocathode 
that  emits  electrons  in  proportion  to  the  incident  photons. 

photopio  -  values  that  refer  to  the  light  output  of  a  source  as 
modified  by  the  eye's  cone  photoreceptors'  response. 

polarisation  >  If  the  electric  field  of  an  energy  wave  always 
oscillates  in  some  fixed  direction,  the  wave  is  said  to  be 
linearly  polarized  in  that  direction;  the  polarization  of  that 
wave  refers  to  the  orientation  of  the  electric  field  vector. 

radiaaoe  the  measure  of  total  energy  output  of  a  source;  this 
measurement  includes  both  visible  and  nonvisible  (UV  and  IR) 
energy. 

radiometry  -  involves  the  measurement  of  total  electromagnetic 
energy,  typically  covering  the  wavelengths  from  ultraviolet 
through  infrared. 

sootopio  -  values  that  refer  to  the  light  output  of  a  source  as 
modified  by  the  eye's  rod  photoreceptors'  response. 

spectral  radiance  curve  -  a  graphical  representation  of  the 
energy  emitted  per  unit  wavelength  of  a  particular  source  over  a 
specified  spectral  range. 

spectral  reflectance  •>  the  ratio  of  the  reflected  energy  to  the 
incident  energy  as  a  function  of  wavelength. 

spectral  transmittance  -  transmittance  of  an  optical  material  as 
a  function  of  wavelength. 

spectroradiometry  -  the  measurement  of  the  amount  of  energy  at  a 
particular  wavelength  or  within  a  band  of  wavelengths. 

ultraviolet  spectrum  *•  energy  that  lies  between  the  wavelengths 
100  to  380  nm.  This  energy  is  invisible  and  damaging  to  the 
hvunan  eye. 

visible  spectrum  -  the  region  of  the  electromagnetic  spectrum 
which  the  human  eye  is  sensitive  to.  It  is  typically  defined  to 
be  between  380  to  730  nm. 
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DttVttlMtgtli  -  the  measure  of  the  physical  distance  covered  by  one 
cycle  of  a  sinusoidal  vave  of  light  energy;  a  variable  used  to 
relate  to  the  spectral  content  of  a  light  source. 
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E6&6  Ganma  Scientific 
ANVIS  spactroraGiometer  system 
Model  C-llASR 

This  spectroradiometer  system  is  designed  to  measure  ANVIS 
radiance,  which  is  a  measure  of  the  compatibility  of  lighting 
{i.e.f  instrumentation  panels  and  auxiliary  instrument  lighting) 
with  image  intensification  night  vision  imaging  system  equipment. 
The  system  is  comprised  of  a  GS-4100  intelligent  radiometer,  a 
DC-49C  thermoelectric  water-cooled  photomultiplier  tube,  a  NM-3DH 
holographic  monochromater ,  a  GS-211OA  scanning  telemicroscope, 
and  an  IBM-PC  interface  console.  This  system  is  used  primarily 
for  spectroradiometry.  The  response  range  of  this  system  is  380 
to  950  nm. 


Figure  A-l.  EG&G  Gamma  Scientific  ANVIS  spectroradiometer 
system. 
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Minolta 
Chrona  matar 

The  Minolta  chroma  meter  is  a  battery  operated,  hand-held 
tristimulus  color  analyzer  utilizing  three  silicon  photo  cells 
which  are  filtered  to  match  CIE  standard  observer  response.  The 
cells  are  capable  of  making  readings  of  light  source  or  reflected 
color.  Chromaticity  coordinates  (1931  CIE) ,  illuminance  (lux) , 
and  color  temperature  (Kelvin)  are  calculated  by  the  meter. 
Measurements  are  indicated  digitally  on  a  liquid-crystal  display. 
Color  temperature  range  is  1600  to  40,000  K.  The  illumination 
range  is  lo  to  200,000  lux. 


Figure  A-2.  Minolta  chroma  meter. 


Minolta 
Model  T-IH 
Zlluminanoe  neter 

The  Minolta  illuminance  meter  is  a  battery  operated,  hand¬ 
held  unit  that  contains  a  silicon  photocell  for  its  light 
detector  and  has  a  liquid  crystal  display.  The  unit  can  display 
measurements  in  footcandles  or  lux.  Measuring  range  is  0.1  to 
99,990  fc  (0.1  to  3,000,000  lux) .  The  acceptance  angle  is  30 
degrees . 

The  meter  also  has  integrating  and  deviation  functions.  The 
integrated  illuminance  mode  allows  measurements  in  fc-hr  or  lux- 
hr  for  integration  periods  from  0.01  hours  (36  seconds).  In  the 
illvuninance  deviation  mode,  the  difference  between  two  light 
levels  can  be  determined. 


Figure  A-3.  Minolta  model  T-IH  illuminance  meter. 
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Minolta 
Modal  Mt-1« 

Luminanca  matar 

Tte  Minolta  luminance  meter  isi  a  battery  operated,  hand*«held 
luiBin2moe  meter  which  focuses  using  a  single-lens-refi|uc 
viewfln^r.  The  measuring  range  is  0.1  to  99,900  cd/m*  (0.01  ~to 
99:900  fL)  .  The  acceptance  angle  is  1  degree.  The  instrument  uan 
focus  between  1  meter  and  infinity. 


Figure  A'4.  Minolta  model  Nt-l®  luminance  meter. 


Photodyn*  Inc. 

Kodttl  22XL 
Optical  Bultimeter 

•ttie  Photodyne  Model  22XL  optical  multimeter  is  the  equivalent 
of  a  digital  multimeter  developed  specifically  for  fiber  optics 
applications.  The  optical  multimeter  provides  for  absolute 
measurements  of  all  aspects  of  fiber  optics  systems  including 
light  sources  and  emitters,  photoreceivers,  fiber  cable 
transmission,  and  connector  and  splice  loss.  Features  of  the 
optical  multimeter  include  selectable  0.1  decibel  (dB)  or  o.oi  dB 
resolution,  mode  selection  for  absolute  or  ratio  measurements, 
current  regulated  IR  source  for  calibration,  and  optical  plug-in 
sensor  heads  for  specific  range  spectral  and  power  applications. 


Figure  A- 5.  Photodyne  Inc.  model  2 2 XL  optical  multimeter. 
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Photodyna  ino. 

Kodal  88XLA 
Rftdiomater/ photometer 

The  Photodyne  Model  88XIA  Radiometer/photometer  feattux«s 
direct  linear  readout  for  radiant  power  In  units  of  nzmowatts,, 
micronatts,  and  milliwatts,  from  1  picowatt  minimum  resolution  to 
2  watts  maximum  reading.  Direct  linear  photopic  measuremeni^  are 
available  in  footcandles,  lux,  and  candelas.  Plug-in  sensor 
heads  are  available  for  specific  ranges  of  spectral  and  power 
applications . 


Figure  A-6.  Photodyne  Inc.  model  88XLA  radiometer/photometer, 
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Photo  RoBoaroh 
PR-710  spot  SpactraScan™ 

Fast  Spectral  Scanning  Systaa 

The  SpectraScan  PR-710  Fast  Spectral  Scanning  System  is  a 
designed  for  rapid  measurement  of  radiance,  luminance,  spectral 
transmittance,  spectral  reflectance,  CIE  color  coordinates,  and 
correlated  color  temperature.  Typical  time  required  for 
measurements  is  less  than  15  seconds.  It  uses  a  high-resolution 
low-flare  lens  which  can  be  focused  from  2  inches  to  infinity; 
thus  enabling  the  instrinnent  to  be  used  for  either  macro¬ 
photometry  or  telephotometry  with  no  accessory  lenses  or  changes 
in  calibration. 


Figure  A-7.  Photo  Research  PR-710  Spot  SpectraScan’^  fast 
spectral  scanning  system. 
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Pboto  Rtts««roh 
1980A  and  1980A>PL 
Photomotar 


The  Spectra™  Pritchard™  Photometer  consists  of  two  separate 
units:  the  photometer  unit  or  "optical  head,"  and  the  control 
console.  The  two  units  are  connected  by  an  8-foot  cable.  The 
optical  system  has  a  filter  wheel  containing  neutral  density 
filters  (ND  =  1,  2,  and  3),  a  photopic  correction  filter, 
colorimetry  filters,  and  a  polarizing  filter.  An  aperture  wheel 
allows  angular  measuring  fields  from  2  minutes  (2')  to  3  degrees 
(3«).  The  standard  objective  lens  is  a  high-resolution,  low- 
flare,  seven  inch,  f/3.5  lens  which  may  be  focused  from  4  feet  to 
infinity.  A  series  of  interchangeable  and  supplementary  lenses 
enable  the  focusing  distance  to  be  reduced  to  as  little  as  0.625 
inches.  The  PL  modification  of  the  1980A  can  measure  the 
integrated  (average)  value  of  pulsed  sources  from  lOE-5  to  lOE+7 
foot-lambert-seconds  (full-scale)  for  pulses  as  short  as  1.6 
microseconds. 


Figure  A-8.  Photo  Research  1980A  photometer. 


Photo  Rosoarch 
LitftMata  XIX 
Photomatar 

The  LiteMate  Photometer,  Model  501,  is  a  compact,  hand-held 
digital  photometer.  It  is  capable  of  making  cosine-corrected 
illuminance  measurements  over  the  range  from  O.oi  footcandles  to 
19,990  footcandles,  with  ±5%  accuracy  and  ±1%  repeatability.  It 
has  a  1  degree  acceptance  angle. 


Figure  A-9.  Photo  Research  LiteMate  III  Photometer 


Plioto  Rssaaron 
Spectra”  spotaatar’” 

Modal  PBD 

Tha  Photo  Research  Spectra*  Spotmeter**  is  a  photottultiplier 
tube  photoneter.  Alone  it  can  measure  luminance  and  with 
accessories  or  calibrations  is  capable  of  measuring  ill\minance« 
luminous  intensity,  color  temperature,  light  polarization, 
relative  color  coordinates,  radiance,  and  irradiance. 

The  optical  system  consists  of  a  photomultiplier  tube,  a  lOOX 
attenuator,  filter  turret,  a  1  degree  aperture  mirror,  an 
objective  lens,  and  a  focusing  eye  piece.  This  high  resolution, 
low-flare  lens  can  be  focused  from  2  inches  to  infinity,  enabling 
the  instrument  to  be  used  for  microphotometry  or  telephotometry. 

A  six-position  filter  turret  is  located  between  the  aperture 
mirror  and  the  photo  tube.  This  filter  turret  contains  a 
photopic,  scotopic,  red  and  blue  filters  for  varying  light 
measurement  conditions.  The  filter  also  contains  an  "open** 
position  for  radiometric  measurements  and  calibrate  position  for 
internal  calibration  verification.  The  attenuator  reduces  the 
Instrument's  sensitivity  by  a  factor  of  lOOX  (MD  «  2). 


'vvf  ’  ' 
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Figure  A-10.  Photo  Research  Spectra  Spotmeter  model  UBD 


Photo  RosMroh 
PR>1530Mt 
MVISPOT  motor 

The  PR-1530AR  NVISPOT  is  designed  to  perform  ANVIS  radiance 
measurements,  but  has  the  capability  to  perform  conventional 
luminance  and  colorimetric  light  measurements. 


The  PR'ISSOAR  uses  an  extended^red  gallium  arsenide 
photomultiplier  tube  and  is  packaged  as  a  portable  unit.  The 
measuring  field  aperture  is  3  degrees. 


Figure  A-ll.  Photo  Research  PR- 153 OAR  NVISPOT  meter. 


BHK,  Ino. 

Ana lamp 

Ultravioiat  lamp 


?*• " 

EO&a  GKOOUl 
R3-10 

T\ingst*n  laap 

Luminance  reference  source  for  EG&G  Gamma  spectroradiometric 
system  has  a  luminance  of  179.0  footlamberts  and  correlated  color 
temperature  of  2603 ®K. 


Figure  B-2.  EG&G  Gamma  RS-IO  tungsten  lamp. 
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E6&G  Gamma 
R8-a.2 

Tungstan  lamp 

Luminance  reference  source  for  EG&G  Gamma  spectroradlonetric 
system  has  a  luminance  of  358.2  footlamberts  and  correlated  color 
temperature  of  2852 *K. 


Figure  B-3.  EG&G  Gamma  RS-12  tungsten  lamp. 
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Mslles  Griot 
2  &nd  5  milliwatt 
HeHe  lasers 

The  helium-neon  laser  delivers  relatively  intense  coherent 
electromagnetic  radiation  at  632.8  nm.  The  2  milliwatt  laser 
head  has  a  beam  diameter  of  0.65  mm  and  typical  beam  divergence 
of  1.3  milliradians  with  random  polarization.  The  5  milliwatt 
laser  head  has  a  beam  diameter  of  0.8  mm  and  typical  beam 
divergence  of  1.0  milliradians  with  random  polarization. 


Figure  B-4.  Melles  Griot  2  and  5  milliwatt  HeNe  lasers. 
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Ori«l  «325 
20  Vfttt 

(2uart8  timg8t«ix-lMilog«n  Xattp 

This  source  has  a  2.3  x  0.8  im  dense  filai&ent  in  a  saall 
housing  that  can  be  nounted  and  positioned  either  horizontally  or 
vertically  on  an  accessory  rod  mount.  Spring  clips  on  the 
housing  can  hold  2x2  inch  or  50  x  So  mm  filters.  The  lamp  is 
powered  by  a  constant  voltage  transformer. 


orifil  C43C 
1000  watt 

Quarts  tungstan-balogaa  lamp 

This  i_^urce  has  a  5  x  18  »a  colled  filament  lamp.  The 
housing  is  blower  cooled  and  allows  for  vertical  and  horizontal 
adjustment  of  the  lamp  during  operation,  condensing  lenses  and  a 
rear  reflector  increase  the  beam  power  by  imaging  the  filament 
back  onto  or  adjacent  to  Itself. 
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Figure  B-6.  Oriel  6436  1000  watt  quartz  tungsten-halogen  lamp. 
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C>13>9C 

SpoctrftI  Xusps 

The  Oriel  spectx'al  calibration  set  contains  six  different 
line  enission  gas  lamps  —  Argon,.  Helium,  Krypton,  Neon,  Xenon 
and  Mercury  (Argon) .  Operated  with  low  voltage  power  supplies 
the^e  sources  provide  strong  emission  lines  at  specific 
wavelengths  between  380  to  840  nm.  These  lamps  are  typically 
used  for  wavelength  calibration  of  monochromaters  or  detectors 
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ori«l  C340 
Point  aonrce 
Arc 


This  point  source  is  a  0.18  mm  diameter  tungsten  "point” 
heated  by  electron  bombardment  from  an  inert  gas  arc.  The_ 
resulting  incandescent  point  is  round  and  highly  uniform  with  an 
average  brightness  of  25  cd/mm*  and  an  approximate  temperature  of 
SOOCK. 


Figure  B-3.  Oriel  6340  point  source,  arc. 
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Ori«l  «363 
Infrarad  souroa 


This  infrared  element  continuously  radiates  in  the  1,0  to  25 
micron  range.  The  6.2  mm  diameter  rod  is  100  mm  long  with  a 
center  of  silicon  carbide  (carborundum)  providing  a  €.2  mm 
diameter  by  20  mm  active  area.  It  is  heated  by  electric  current 
with  the  capability  of  operating  up  to  1000*K. 


Figure  B-9.  Oriel  6363  infrared  source. 
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ori«I  «6ii 
Rtta««rch  lasar 

This  3  ittllXiwatt  helium  neon  laser  delivers  a  highly  stable 
0.8  mm  diameter  beam  at  632.8  nm  that  is  polarized  with  single 
spatial  mode  and  is  concentric  with  the  tube  housing. 


Figure  B-10.  Oriel  6611  HcNe  research  laser. 
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Flioto  Bttsaarcli 
PR  2301 
Tuagst«tt  lamp 

Luminance  reference  source  for  PR‘>1980A  system  has  a 
luminance  of  9.0  f ootlamberts . 


Figure  B-ll.  Photo  Research  PR  2301  tungsten  lainp. 
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Institute  of  Chemical  Defense 
ATTN:  SGRD-UV-AO 
Aberdeen  I^oving  Ground, 

MD  21010-5425 

Commander,  U-S.  Army  Medical 
Research  and  Development  Command 
ATm:  SGRD-RMS  (Ms.  Madigan) 

Fort  Detrick,  Frederick,  MD  21702-5012 

Director 

Walter  Reed  Army  Institute  of  Research 
Washington,  DC  20307-5100 

HQ  DA  (DASG-PSP-O) 

5109  Leesburg  Pike 
Falls  Church,  VA  22041-3258 

Harry  Diamond  Laboratories 
ATIN:  Technical  Information  Branch 
2800  Powder  Mill  Road 
Adelphi,  MD  20783-1197 

U.S.  Army  Materiel  Systems 
Analysis  Agency 

ATTN;  AMXSY-PA  (Reports  Processing) 
Aberdeen  Proving  Ground 
MD  21005-5071 

U.S.  Army  Ordnance  Center 
and  School  Library 
Simpson  Hall,  Building  3071 
Aberdeen  Proving  Ground,  MD  21005 


U.S.  Army  Environmental 
Hygiene  Agen^ 

Building  £2100 

Aberdeen  Proving  Ground,  MD  21010 

Technical  Library  Chemical  Research 
and  Development  Center 
Aberdeen  Proving  Ground,  MD 
21010-5423 

Commander 

U.S.  Army  Medical  Research 
Institute  of  Infectious  Disease 
SGRD-UIZ-C 

Fort  Detrick,  Frederick,  MD  21702 

Director,  Biological 
Sciences  Division 
Office  of  Naval  Research 
600  North  Quincy  Street 
Arlington,  VA  22217 

Commander 

U.S.  Army  Materiel  Command 
ATTN:  AMCDE-XS 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 

Commandant 
U.S.  Army  Aviation 
Logistics  School  ATTN:  ATSQ-TDN 
Fort  Eustis,  VA  23604 

Headquarters  (ATMD) 

U.S.  Army  Training 
and  Doctrine  Command 
ATTN:  ATBO-M 
Fort  Monroe,  VA  23651 

Structures  Laboratory  Library 
USARTL-AVSCOM 
NASA  Langley  Research  Center 
Mail  Step  266 
Hampton,  VA  23665 
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Aerc^space  Medical 
Institute  library 
Building  1953.  Code  03L 
Pensacola,  FL  32508-5600 

Command  Surgeon 
HQ  USCENTCOM  (CCSG) 

U.S.  Central  Command 
MacDill  Air  Force  Base  FL  33608 

Air  University  library 
(AUL/LSE) 

Maxwell  Air  Fore  Base,  AL  36112 

U.S.  Air  Force  Institute 
of  Technology  (AFTT/LDEE) 

Building  640,  Area  B 

Wright-Patterson 

Air  Forw!  Base,  OH  45433 

Henry  L.  Taylor 
Director,  Institute  of  Aviation 
University  of  Blinois-Willard  Airport 
Savoy,  IL  61874 

Chief,  Nation  Guard  Bureau 
ATTN:  NGB-ARS  (COL  Urbauer) 

Room  410,  Park  Center  4 
4501  Ford  Avenue 
Alexandria,  VA  22302-1451 

Commander 

U.S.  Army  Aviation  Systems  Command 
ATTN:  SGRD-UAX-AL  (LTC  GiUette) 
4300  Goodfellow  Blvd.,  Building  105 
St.  Louis,  MO  63120 

U.S.  Army  Aviation  Systems  Command 
library  and  Information  Center  Branch 
ATTN:  AMSAV-DIL 
4300  Goodfellow  Boulevard 
St  Louis,  MO  63120 


Federal  Aviation  Administration 
Ovil  Aeromedical  Institute 
library  AAM-400A 
P.O.  Box  25082 
Oklahoma  aty,  OK  73125 

Comnmnder 
U.S.  Anxty  Academy 
of  Health  Sciences 
ATTN:  library 
Fort  Sam  Houston,  TX  78234 

Commander 

U.S.  Army  Institute  of  Surgical  Research 
ATTN:  SGRD-USM  (Jan  Duke) 

Fort  Sam  Houston,  TX  78234-6200 

AAMRL/HEX 

Wright-Patterson 

Air  Force  Base,  OH  45433 

John  A  Dellinger, 

Southwest  Research  Institute 

P.  0.  Box  28510 

San  Antonio,  TX  78284 

Product  Manager 
Aviation  Life  Support  Equipment 
ATTN:  AMCPM-ALSE 
4300  Goodfellow  Boulevard 
St.  Louis,  MO  63120-1798 

Commander 
U.S.  Army  Aviation 
Systems  Command 
ATTN:  AMSAV-ED 
4300  Goodfellow  Boulevard 
St  Louis,  MO  63120 

Commanding  OfiScer 
Naval  Biodynamics  Laboratory 
P.O.  Box  24907 
New  Orleans,  LA  70189-0407 


67 


Asdstaat  Conumu^lajit 
U.S.  Army  Field  Ardlleiy  SdKX)l 
ATTN:  Morris  Swott  Technical  libraiy 
Fort  Sm,  OK  73503^12 

Commander 

U.S.  Arn^  Health  Services  Command 

ATTN;  HSOP-SO 

F(xt  Sam  Houston,  TX  78234*6000 

HQ  USAF/SGPT 

Bolling  Air  Force  Base,  DC  20332-6188 

U.S.  Arm^  Dugway  Pioving  Ground 
Tedinical  library,  Building  5330 
Dugway,  UT  84022 

U.S.  Army  Yuma  Proving  Ground 
Technical  libraiy 
Yuma,  AZ  85364 

AFFTC  Technical  library 
6510TWyin5TT 
Edwards  Air  Force  Base, 

CA  93523-5000 

Commander 
Code  3431 

Naval  Weq>ODS  Center 
China  Lake,  CA  93555 

Aeromedianics  Laboratory 
U.S.  Army  Research  and  Technical  Labs 
Ames  Research  Center,  M/S  215-1 
Molfett  Field,  CA  94035 

Sixth  U.S.  Army 
ATTN:  SMA 

Presidio  of  San  Francisco,  CA  94129 
Commander 

U.S.  Army  Aeromedicai  Center 
Fort  Rucker,  AL  36362 


U.S.  Air  Force  School 
of  Aerospace  Medidue 
Strughold  Aeromedicai  Library  Technical 
Reports  Section  (TSKD) 

Brooks  Air  Force  Base,  TX  78235-5301 

Dr.  Diane  Damos 
Department  of  Human  Factors 
ISSM,  use 

Los  Angeles,  CA  90089-0(G1 

U.S.  Army  White  Sands 
Missile  Range 
ATTN:  STEWS-IM-ST 
White  Sands  Missile  Range,  NM  88002 

U.S.  Army  Aviation  Engineering 
Flight  Activity 

ATTN:  SAVTB-M  (Tech  Ub)  Stop  217 
Edwards  Air  Force  Base,  CA  93523-5000 

Ms.  Sandra  G.  Hart 
Ames  Research  Center 
MS  262-3 

Moffett  Field,  CA  94035 

Commander,  Letterman  Army  Institute 
of  Research 

ATTN:  Medical  Research  Library 
Presidio  of  San  Frandsco,  CA  94129 

Commander 

U.S.  Army  Medical  Materiel 
Development  Activity 
Fort  Detrick,  Fredericl^  MD  21702-5009 

Commander 

U.S.  Army  Aviation  Center 
Directorate  of  Combat  Developments 
Building  507 
Fort  Rucker,  AL  36362 
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U.  S.  Anny  Research  Institute 
Aviation  R&D  Activity 
ATTN:  PERI*IR 
Fort  Rucker,  AL  36562 

Commander 

U.S.  Army  Safety  Center 
Fort  Rucker,  AL  36362 

U.S.  Army  Aircraft  Development 
Test  Activity 
ATTN:  STEBG-MP-P 
Cairns  Army  Air  Field 
Fort  Rucker,  AL  36362 

Commander  U.S.  Army  Medical  Researdi 
and  Development  Command 
ATTN:  SGRD-PLC  (COL  Schnakenbcrg) 
Fort  Detrick,  Frederick,  MD  21702 

MAJ  John  Wilson 
TRADOC  Aviation  LO 
&nbassy  of  the  United  States 
APO  New  York  09777 

Netherlands  Army  Liaison  OfSce 

Building  602 

Fort  Rucker,  AL  36362 

British  Army  Liaison  Office 

Building  602 

Fort  Rucker,  AL  36362 

Italian  Army  Liaison  Office 

Building  602 

Fort  Rucker,  AL  36362 

Directorate  of  Training  Development 

Building  S(E 

Fort  Rucker,  AL  36362 

Chief 

USAHEL/USAAVNC  Field  Office 
P.  O.  Box  716 

Fort  Rucker,  AL  36362-5349 


Commander  U.S.  Army  Aviation  Center 
and  Fort  Rucker 
ATTN:  ATZQ-CG 
Fort  Rucker,  AL  36362 

Chief 

Test  &  Evaluation  Coordinatu^  Board 
Cairns  Army  Air  Field 
Fort  Rucker,  AL  36362 

MAJ  Terry  Newman 
Canadian  Am^  liaison  Office 
Building  602 
Fort  Rucker,  AL  36362 

German  Army  liaison  Office 

Building  602 

Fort  Rucker,  AL  36362 

LTC  Patrice  Cottebrune 
French  Army  liaison  Office 
USAAVNC  (Building  602) 

Fort  Rucker,  AL  36362-5021 

Australian  Army  Liaison  Office 

Building  602 

Fort  Rucker,  AL  36362 

Dr.  Garrison  Rapmund 
6  Burning  Tree  Court 
Bethesda,  MD  20817 

Commandant,  Royal  Air  Force 
Institute  of  Aviation  Medicine 
Famborough  Hampshire  GU14  6SZ  UK 

Commander 

U.S.  Army  Biomedical  Research 
and  Development  Laboratory 
ATTN:  SGRD-UBZ-I 
Fort  Detrick,  Frederick,  MD  21702 

Defense  Technical  Information 
Cameron  Station,  Building  S 
Alexandra,  VA  22304-6145 
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CoamBsuQ^r,  U.S.  Am^  Foreign  Science 
and  TeduK>logy  Center 
ABFRTA  (Davis) 

220  7th  Street,  NE 
Chariottesville,  VA  22901-5396 

Director, 

A|^ed  Technology  Laboratory 
USARTIyAVSCOM 
ATTN;  library,  Building  401 
Fort  Eustis,  VA  23^14 

U.S.  Air  Force  Annanient 
}^;!velqpnient  and  Test  Center 
Eglin  Air  Force  Base,  FL  32542 

Commander,  U.S.  Am^  Missile 

rifttrtmatiH 

Redstone  Scientific  Information  Center 
ATIN:  AMSMl-RD-CS-R 
/DLL  Doounents 
Redstone  Arsenal,  AL  35898 

Dr.  H.  Dix  Christensen 
Bio-Medical  Science  Building,  Room  753 
Post  Office  Box  26901 
Oklahoma  Gfy,  OK  73190 

EHrector 

AnxQr  Persoimel  Research  Establishment 
Famborou^,  Hants  GU14  6SZ  UK 

U.S.  Am^  Research  and  Tedmology 
Laboratories  (AVSCOM) 

Prr^nilsion  Laboratory  MS  3(^-2 
NASA  Levris  Research  Center 
Cleveland,  OH  44135 

Dr.  Christine  SchUchtiug 
Behavioral  Sciences  Department 
Boat  900,  NAVUBASE  NLON 
Groton,  CT  06349-5900 

Dr.  Eugene  S.  Channing 
7985  Schooner  Court 
Fretkrick,  MD  21701-3273 


LTC  Gaylord  Linds^  (5) 

USAMRDC  Liaison  at  Academy 
of  Health  Sciences 
ATIN:  HSHA-ZAC-F 
Fort  Sam  Houston,  TX  7&234 

Aviation  Medicine  Clinic 
TMC  #22,  SAAF 
Fort  Bragg,  NC  28305 

Dr.  A  Komfield,  President 
Biosearch  Company 
3016  Revere  Road 
Drexel  Hill,  PA  29026 

NVEOD 

AMSEL-RD-ASID 
(Attn;  Trang  Bui) 

Fort  Bclvior,  VA  22060 

CA  Av  Med 
HQDAAC 
Middle  WaUop 

Stockbridge  Hants  S020  8DY  UK 

Comnumder  and  Director 
USAE  Waterways  Experiment  Station 
ATTN:  CEWES-IM-MI-R 
AlMeda  S.  Clarlc,  CD  Dept. 

3909  Halls  Ferry  Road 
Vicksburg,  MS  39180-6199 

Mr.  Richard  Thomley 
ILS  Manager,  APACHE 
Box  84 

Westland  Helicopters  Limited 
Yeovil,  Somerset  BA202YB  UK 

Col.  Otto  Schramm  Filho 
c/o  Brazilian  Army  Commission 
Office-CEBW 

4632  Wisconsin  Avenue  NW 
Washington,  DC  20016 
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